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ABSTRACT: The pressure distribution in the mixing chamber of an EPB shield, operating with foam for soil conditioning, quite often has a 
left-right asymmetry during drilling. The pressures are higher on the side where the cutter wheel is moving upwards. Recently the same 
phenomenon was found in computational simulations, but only when compressible muck was modelled. For compressible muck, the centre 
of gravity is below the tunnel axis and some torque can be applied on the muck before it starts rotating. The paper presents selected 
measurements and results from numerical calculations from literature and proposes a mathematical model to calculate the centre of gravity of 
the muck of an EPB shield. The aim of this study is to investigate, if the change of the location of the center of gravity can explain the 
left/right unbalance.  Finally, additional factors affecting this unbalance of the pressure distribution are discussed. 
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1. INTRODUCTION 
The pressure at the tunnel face is one of the most important 
parameters in TBM tunnelling. A too low pressure may lead to 
instability of the face and too high pressure can lead to a blowout. 
Therefore, accurate pressure control is of paramount importance. 
The pressure in the mixing chamber is usually measured at the 
pressure bulkhead. Bezuijen & Talmon (2014) have shown, that the 
pressures at the rotor, thus very close to the cutting face, are quite 
comparable to the ones measured on the pressure bulkhead as long 
as the porosity of the muck is high enough. When the porosity of the 
muck comes close to the maximum porosity of the sand, short 
lasting arches may develop in the sand between the rotor and the 
pressure bulkhead, leading, on average, to somewhat higher stresses 
in the mixing chamber than at the tunnel face. 
 A remarkable result from pressure measurements at the pressure 
bulkhead is, that on the same height, the pressures on the left- and 
right-hand side of the chamber (w.r.t. the direction of tunnel 
advance) are not always the same but depend on the rotation 
direction. This was very clear during drilling of the Botlek Rail 
tunnel. 
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Figure 1. Pressure measurements at different positions at the 
pressure bulkhead. Note the change in E4 and E6 when the rotation 
is changed (see upper part) (from Bezuijen et al. 2005). 
 
By that time, it was calle
not completely understood. Since it determines the pressure 
distribution of the face and therefore the stability of the face, a better 
understanding on the origins is of importance. This paper shows 
some other measurements, the results from numerical simulations 
and presents a model that can partly explain this pressure 
asymmetry.  
 
2. MEASUREMENTS AND NUMERICAL SIMULATIONS 
2.1 Measurements 
The cutterhead of the Botlek Rail tunnel was instrumented with 
pressure gauges, see Figure 2 (Bezuijen and Talmon, 2014).  
instruments
 
Figure 2. Cutter wheel of the Botlek TBM (Bezuijen and Talmon, 
2014). 
 
These gauges show the difference between going up (high 
pressures) and going down (low pressures), see Figure 3. The 
maximum difference in pressure is around 50 kPa (0.5 bar), less 
than the result shown in Figure 1, which is more than 100 kPa (1 
bar). The measurement results shown in Figure 3 are not available 
for the ring from which the results are shown in Figure 1.  
 Measurements at the pressure bulkhead are also reported for the 
large Seattle 17.5 m diameter TBM (Mosavat and Mooney, 2015), 
see Figure 4. Although a significantly larger diameter tunnel, the 
horizontal pressure difference is comparable to the difference 
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measured in Figure 1 and comparable to the pressure difference 
measured in Figure 3. Thewes and Budach (2010) report pressure 
differences between 0.5 and 1 bar. The diameter of the tunnel is not 
reported, but from the positions of the pressure gauges it can be 
deduced that the diameter was between 7 and 8 m. 
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Figure 3. Botlek Rail Tunnel: Pressures at the tunnel face as a 
function of height of the instrument during drilling of ring 344 from 
6:00 until 6:10. 
 
 
Figure 4.  Seattle 17.5 m diameter TBM (from: Mosavat and 
Mooney, 2015) 
 
2.2 Computational simulations 
Dang and Meschke (2019) reported that the difference in pressure 
left and right in the mixing chamber was also found in numerical 
simulations using a viscous fluid model, which allows for 
considering the compressibility of the muck as a function of the 
foam injection ratio and the pressure. According to the 
computational model, a noticeable left/right pressure unbalance was 
observed if a compressible muck was simulated. Non-compressible 
muck appeared to have no significant pressure difference between 
left and right. Figure 5 shows simulation results obtained for the 
Seattle 17.5m diameter TBM with and without considering 
incompressibility. It must be noticed, however, that the pressure 
distribution (and the left/right) unbalance also depends on the 
chamber design, the rotation speed and on the viscosity parameters 
(yield stress, plastic viscosity) assumed for the soil paste (Dang and 
Meschke (2019)). The difference between the pressure left and right 
in the simulations is less than what was measured in the field. This 
might be explained by deviations between the assumed and the 
actual rheological muck parameters. A larger difference would be 
observed for a larger yield stress and viscosity of the muck.  
 
Figure 5. Simulated pressure profiles along the circumference of the 
bulkhead for incompressible muck (left) and compressible muck 
(right) (Dang and Meschke, 2019). 
 
3. CALCULATIONS 
3.1 Conceptual model 
Based on the simulation results, a theory will be developed based on 
the assumption that a difference between the left and right pressures 
can develop because the center of mass of the muck in the mixing 
chamber is not on the axis of the TBM in case of compressible 
muck. Because the pressure increases when going downward in the 
mixing chamber, the air in the foam will be more compressed at 
larger depths and the porosity will be less. Consequently, the density 
will be higher lower in the mixing chamber and therefore the center 
of mass will be not exactly at the axis, but lower. This means, that a 
certain torque is needed to turn the muck. This torque is generated 
by the rotation of the cutting wheel and results in a pressure 
difference left and right. 
 This conceptual model explains why there is no left right 
difference in numerical calculations with an incompressible muck, 
because for incompressible muck, the center of gravity will be at the 
axis of the TBM. In the extreme situation that the upper part of the 
mixing chamber is filled with air, the center of gravity will be 
further down, leading to an even larger torque necessary to turn the 
muck. Incompressible muck will rotate in the mixing chamber due 
to the torque that is applied on the muck. For compressible muck, it 
is possible that the muck still rotates, but for a low viscosity and 
yield stress the muck will not rotate as a disk but only mixed 
because the torque applied to the muck by the cutting wheel is not 
enough to overcome the stabilizing moment caused by the lower 
position of the center of gravity with respect to the tunnel axis. 
 In the following section, the center of gravity of the muck will 
be calculated to investigate, if the left-right pressure difference can 
be expected to primarily depend on the position of the center of 
gravity or not. 
 
3.2 Calculation model 
Assume a TBM with diameter D drilling with a velocity vTBM in 
saturated sand with a permeability k, a porosity n and a density of 
the grains g. During drilling, there is a certain Foam Injection Ratio 
(FIR) and the foam used has a specified Foam expansion ratio 
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(FER). A constant difference in piezometric head,  is maintained 
at the axis tunnel face compared with the pore water pressure far 
away from the TBM. As explained by Bezuijen (2012), there will be 
a groundwater flow from the mixing chamber into the soil. This 
ground water flow will depend on the permeability of the front face. 
Here it is assumed that, during drilling, the permeability of the front 
face is equal to the permeability of the sand that is excavated. 
Furthermore, it is assumed that the groundwater flow from the front 
of the TBM is determined by the difference in piezometric head at 
the tunnel axis. These last two assumptions lead to a simple formula 
for the pore velocity, at te tunnel face (Bezuijen et al., 2016): 
min ,p TBM
kv v
nR  (1) 
 The specific discharge or filter velocity q is then: 
 . pq n v  (2) 
This allows to calculate how much air and water is present in the 
mixing chamber, when a constant drilling velocity and FIR and FER 
is used. The porosity of the muck mixture nm follows from the 
continuum equation: 
11
1 /
s
m
TBM
nn
FIR q v  (3) 
The volumetric water content can be written as: 
v
TBM
q FIRw n
v FER  (4) 
This last equation can be derived considering that the soil is 
saturated (first term right hand side), there is some discharge into the 
sand (2nd term) and foam is injected, most of that foam being air, 
and only FIR/FER is water. It should be noted that normally the FIR 
is presented as a percentage. A FIR of 20 means foam added is 20% 
of the soil volume. In the formulas presented here, the FIR is 
assumed to be a number, thus 0.2 in this example. Now the porosity 
of the mixture is known as well as the volumetric water content. 
Hence, the density of the mixture can be calculated: 
(1 )m m g v wn w  (5) 
In this formula the density of the air is neglected. Since the 
volumetric water content is known and the porosity of the muck 
mixture, the volumetric air content in the foam (wa) at the axis can 
be written as:  
a m vw n w  (6) 
With this formula, it is possible to calculate the air content at the 
tunnel axis. If the muck is rotating, the pressure will increase when 
the muck is rotating downward and decrease when moving in an 
upward direction. Following Boyles law, the volume of air will also 
decrease or increase. Using Boyles law for this calculation means 
that the temperature remains constant. This seems a reasonable 
assumption. Assuming a hydrostatic pressure distribution, see also 
further in this paper, the pressure will increase or decrease with: 
( )mP zg z  (7) 
Where z is the height with respect to the tunnel axis. As indicated, 
the density m(z) is not a constant but varies with depth, because the 
air content varies with the pressure. In this study, a spreadsheet was 
used to calculate the density and the air content at 40 different 
vertical positions in the mixing chamber, starting from the given 
density at the tunnel axis that was calculated from the original 
porosity, the FIR and FER of the foam and the groundwater flow, 
using Equations (1) until (5). Figure 6 shows the calculated density 
and the air content for the example calculations presented below and 
shows how these parameters vary with depth. 
 It should be realized that such a calculation is not more than an 
approximation of the real situation. Vertical friction forces in the 
mixing chamber are neglected as well as the possibility that 
effective stresses are present in the muck. However, the calculation 
presents a first estimate of the center of gravity in the muck. 
 When the density is known at every position, the center of 
gravity can be calculated. Therefore, the width of the rectangle 
shown in Figure 7 is calculated for each of the slices, where the 
width is the average width of the circular slide that is also shown. 
With the weight of each slide and their positions the center of 
gravity can be calculated. 
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Figure 6. Calculated density and air content as a function of depth. 
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Figure 7. Sketch to calculate the center of gravity. 
 
3.3 Calculation examples 
As a calculation example the density distribution in a 10 m diameter 
tunnel is calculated. The parameters used in the calculation are 
presented in Table 1. The calculation results in the density 
distribution shown in Figure 6 and by calculation of the product of 
the weight per meter length parallel to the tunnel axis and the 
distance from the tunnel axis of every slice as shown in Figure 7, the 
center of gravity can be calculated. For this example, a value of 
0.155 m was found. The influence of the permeability of the soil in 
front of the TBM, the FIR and the drilling velocity on the location of 
the gravity center is further investigated using this model. The 
center of gravity was calculated for different values of the 
parameters, see Table 2. In all cases the center is below the center of 
gravity, but not very much, and consequently the differences in the 
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locations of the center of gravity is only limited. Table 1. Parameters 
used for example calculation. 
 
parameter value dimension 
depth  
diameter TBM 
drilling velocity 
excess pressure  
FER 
FIR 
permeability sand 
porosity sand 
density sand grains 
density water 
20 
10 
40 
50 
20 
80 
0.001 
0.4 
2650 
1000 
m 
m 
mm/min 
kPa 
- 
- 
m/s 
- 
kg/m3 
kg/m3 
 
 
Table 2. Influence of changing parameters in example calculation 
(Table 1) using a soil permeability of 10-4 m/s instead of 10-3 m/s 
when varying the drilling velocity and the FIR. 
 
Parameter changed values Centre of gravity 
below axis (m) 
Permeability (m/s) 
 
 
drilling velocity 
(mm/min) 
 
 
FIR (-) 
10-5 
10-4 
10-3 
20 
30 
40 
60 
0.4 
0.6 
0.8 
1.0 
1.2 
0.155 
0.129 
0.118 
0.144 
0.134 
0.129 
0.125 
0.112 
0.125 
0.129 
0.129 
0.127 
 
 
3.4 Consequences for pressure difference 
Now it can be determined whether the position of the center of 
gravity can explain the pressure differences measured between the 
left and right side of the TBM. With the position of the center of 
gravity below the axis of the tunnel, the muck in the mixing 
chamber is considered as a large pendulum and some torque will be 
necessary to rotate this pendulum. Even if the muck is not rotating 
because of low viscosity and yield stress, some torque will be 
exerted when the cutting wheel (and the mixing arms connected to 
the cutting wheel) are rotating. The torque generated by the pressure 
difference depends on the properties of the muck. If viscous forces 
are dominant, it can be expected that the pressure difference 
increases with the distance between the tunnel axis and the pressure 
gauge, because at a larger distance, there is a higher shear rate in the 
muck. However, if yield stress is dominant, the rotating parts have 
to overcome the yield stress and the pressure difference should not 
be a function of the distance from the tunnel axis. Based on the 
properties of the muck and the pressures as a function of the radius 
in Figure 3, the last assumption seems the most reasonable. 
 In Figure 3 it can be seen that the vertical amplitude of the 
rotating sensors increases with the distance from the axis, but for the 
horizontal amplitude this is hardly the case. There is some offset 
between the sensors, especially with R4f, but the amplitude seems 
more or less the same. In that case the pressures should be more or 
less constant at a horizontal line through the axis and only differ left 
and right from the axis. The moment per meter muck measured 
along the tunnel axis (M) exerted by a left-right pressure difference 
can then be written as:  
2. .m cgM P r A z  (8) 
Where A is the area of the tunnel face and zcg the position of the 
center of gravity below the tunnel axis. In this formula, it is assumed 
that the rotation causes the maximum possible rotation of the muck. 
Filling in the values for the density, the radius and the center of 
gravity as given in the calculation example, a pressure difference of 
5.5 kPa is found, assuming that the left-right pressure difference is 
constant at one depth between the cutting wheel and the pressure 
bulkhead.  
 
4. DISCUSSION 
The calculated pressure difference between left and right (5.5 kPa) 
is much smaller than the pressure difference measured in the various 
projects (nearly 100 kPa in Figure 1, 50 kPa in  Figure 3 and 20 kPa 
at the tunnel axis in Figure 4). It is also smaller than the difference 
of 10 kPa reported by Dang and Meschke (2019). 
 From this result, it can be concluded that the centre of gravity 
may be only part of the story on the left and right pressure 
difference, but it is not the whole story. The large differences 
between the left and right pressures must have other reasons. From 
computational simulations of different pressure chambers in Dang & 
Meschke (2019), it was concluded, that the pressure unbalance 
depends, in addition to the compressibility, on various additional 
parameters including the muck viscosity, the cutterhead rotation 
speed and the screw conveyor speed. It must be kept in mind, that 
the fluid transport through the screw conveyor determines, in 
conjunction with the rotating cutter wheel the velocity field in the 
chamber and thus generates an intrinsic asymmetry of the velocity 
field. The pressure unbalance hence results from the mutual 
couplings between the density, pressure and velocity via the mass- 
and momentum balance and viscous constitutive equations.  
 Another obvious reason can be if the mixing chamber is not 
completely filled with muck. The model described above can also be 
used assuming that the upper two meters of the mixing chamber are 
only filled with foam, resulting in a centre of gravity that is 0.73 m 
below the axis and a maximum possible pressure difference of 23 
kPa.  
 A pressure difference of 23 kPa is still significantly less than the 
nearly 100 kPa shown in Figure 1. Such a large difference in 
pressure between left and right can also occur when the rotation of 
the cutter wheel generates an effective stress in the muck. Figure 1 
shows this influence. Here the pore pressure measured, not at the 
same position, but at the same height is plotted.  In the beginning of 
the plot the rotation of the cutting wheel results in an upward 
movement of the wheel along the total pressure measurement E4 
and a downward movement along E6. E6 is nearly equal to the pore 
pressure gauge W3 in the centre of tunnel. As soon as the rotation 
changes, the pressures of E6 and E4 change and now the pressure of 
E4 is close to W3. It can also be seen that the gauge with the highest 
pressure has much more fluctuation, because this is measuring 
effective stresses, and these allow for the formation of arches that 
results temporarily in higher pressures, but these arches will be 
destroyed when the cutting wheel rotates further. The generation of 
the effective stresses means that the friction between the pressure 
bulkhead and the soil is larger when the cutting wheel has an 
upward movement than in case of a downward movement. This 
means that the cutting wheel has to apply an extra force to overcome 
this extra friction and this will also result in higher pressures at the 
side where the cutting wheel moves upwards. Furthermore, when 
the muck has a higher pressure on one side of the TBM, it has a 
higher density, which leads to additional resistance to the torque 
applied by the cutting wheel.  The pore pressure at W3 in Figure 1 
shows some fluctuation at a regular time interval. This was not 
caused by the tunnelling process, but by a cleaning system that was 
installed to avoid clogging of the soil at the pore pressure gauge. 
 Mosevat and Mooney (2015) report pressures higher than the 
pore pressure on both sides of the cutting wheel. However, also in 
their measurements, the pressure is higher when the cutting wheel is 
moving upward. This large diameter TBM has 2 cutting wheels, see 
also the inset of Figure 5 that show the simulation for this TBM. The 
outside  cutting wheel is closest to the pressure transducers and this 
moves counter clock wise in Figure 4. 
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5. CONCLUSIONS 
A simple calculation model was presented to determine the centre of 
gravity for an EPB pressure chamber resulting from the 
compressibility of the muck, in order to investigate, if the movement 
of the center of gravity can explain the pressure unbalance between 
the left- and the right-hand side.  For this purpose, the density 
distribution of the muck in the TBM and the air content at various 
depths was calculated. It was found, that due to compressibility of 
the muck, the centre of gravity of the muck is 0.1 to 0.2 m below the 
tunnel axis for a 10 m diameter tunnel if the mixing chamber is 
completely filled with muck. This can only partly explain the 
pressure difference between the left and right side of the mixing 
chamber. However, it cannot explain the sometimes-large pressure 
differences that were measured between left and right. The largest 
differences in left and right pressures seem to occur when effective 
stresses are created at the side of the TBM where the cutting wheel 
moves upwards. The calculation method presented in this paper can 
also be used to calculate what is the minimum FIR to avoid effective 
stresses provided that the maximum porosity of the sand at which 
effective stresses can occur is known. 
 Computational simulations of the flow processes in EPB 
pressure chambers, when considering compressibility of the viscous 
muck, also replicate the unbalance of the pressure. It was found, that 
besides the compressibility related to foam injection ratio, this 
unbalance is affected by the muck viscosity, the rotation speed of 
the cutterhead and the screw conveyor speed. 
 It is recommended to use calculation methods as described in 
this paper to estimate the density of the muck at different positions 
of the EPB TBM. This allows to estimate the properties of the muck 
beforehand, and it can also predict if a significant left-right pressure 
discrepancy can be expected. 
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